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Intraglomerular microcirculation: Measurements of single glomerular
loop flow in rats. With the use of a new fluorescent microscopic
technique, we were able to measure the mean intracapillary velocities
and pressures of single capillary loops of renal glomeruli of living rats.
The technique involved photographing and recording the flow of
fluorescent latex particles through the glomerular loops with a televi-
sion monitor. In 25 rats the single glomerular loop flow velocity was 781(SD) 271 m sec. The mean diameter of the capillary loops
measured 8.4 1.4 p.m; their lengths were 72.3 37.5 p.m. From the
decrease in velocity of flow along the capillary loop, we were able to
evaluate the filtration equivalent for the capillary surface. It was
possible to measure intracapillary pressures of single glomerular loops
continuously under microscopic control. High intracapillary pressures
correlated with high intracapillary velocities. From the data we ob-
tained, we were unable to calculate a filtration equilibrium at the ends of
the observed capillary loops. For further correlations, we injected the
glomeruli we had studied in the living state and examined them with the
scanning electron microscope.
Microcirculation intraglomérulaire: Mesure du debit dans les anses
glomérulaires chez le rat. Au moyen d'une nouvelle technique de
microscopie en fluorescence nous avons etC capables de mesurer les
vClocitCs et les pressions intracapillaires moyennes dans les anses
capillaires uniques de glomCrules rénaux de rats vivants. La technique
comporte Ia photographie et l'enregistrement du debit de particules de
latex fluorescentes, a travers les anses glomCrulaires, au moyen d'un
système de télévision. Chez 25 rats Ia vélocité moyenne dans les anses a
Cte de 781 (SD) 271 p.m sec'. Le diamètre moyen des anses était de
8,4 1,4 p.m, leur longueur Ctait de 72,3 37,5 p.m. A partir de Ia
diminution de vélocitC le long de l'anse capillaire nous avons été
capables d'bvaluer La filtration equivalente pour Ia surface capillaire. II
a etC possible de mesurer les pressions intracapillaires dans des anses
individuelles de facon continue, sous contrôle microscopique. Les
pressions intracapillaires élevées étaient corrélées avec les vélocités
intracapillaires dlevées. A partir des résultats obtenus nous avons été
capables de calculer un equilibre de filtration aux extrémités des anses
capillaires observées, Afin d'Ctablir des correlations plus poussées nous
avons injecté les glomérules étudiés et nous les avons examines en
microscopie Clectronique a balayage.
The process of glomerular filtration has been reexamined
recently in both experimental models [1—13] and mathematical
models [14—171. Although these leave the basic physics of
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glomerular filtration unchallenged, as far as the localization of
the process is concerned, they have engendered more hypothe-
ses than solutions. The hypothesis postulated by Brenner et al
[18] has certainly been the most provocative, because it implies
that filtration occurs in only part of the glomerular capillaries
(so-called "equilibrium"). Even as early as 1951, Smith [19] had
contemplated the idea of a filtration equilibrium, but rejected it
for the nephron of warm-blooded animals. Two problems have
made it difficult to study glomerular circulation. First, only
rarely are glomeruli accessible on the surface of kidneys of
warm-blooded animals, allowing direct micropuncture studies.
Second, the techniques developed in nephrology for micro-
puncture studies had been designed for tubules that were much
larger than glomerular capillaries. For these reasons, investiga-
tors have attempted to study the glomerular microcirculation of
renal tissue of newborn hamsters transplanted into the cheek-
pouch of adult animals [20, 211. Although the results of these
experiments are impressive, they fail to show correlation with
glomeruli of normally functioning kidneys. For example, dyes
injected intraarterially into such adult animals first appeared in
the blood of the glomerular capillaries of these cheekpouch
kidneys 15 sec after injection. In addition, the results of flow-
rate measurements in the capillary loops of these kidneys have
never been published.
Occasionally, however, a glomerulus may be found on the
surface of mammalian kidneys. In a paper by Walker and Oliver
[221, there is a drawing of the surface of a guinea pig kidney in
which a glomerulus can be recognized. (Compare that picture
with our microphotographic study of a surface glomerulus of
the rat during lissamine green passage [23].) We have previous-
ly photographed the microcirculation of these surface glomeruli
of Wistar rats with a high-speed film camera, using both
transmitted light sources as well as reflected light [24]. For
those studies, we used the Wistar strain of rat supplied by the
Ivanovas Firm, Kisslegg, Allgau (the so-called "Munich-Wistar
rat"). Other strains of Wistar rats, especially the young female
animals of the Wistar-Furth strain also have occasional glomer-
uli at the surface of their kidneys. That strain is known to be
insensitive to dextran [25].
With the use of new fluorescent microscopic techniques
combined with a high sensitivity television camera [26] and the
intraarterial injection of fluorescent latex particles in vivo, it has
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become possible to measure velocities and volume flow in
individual glomerular capillary loops over several hours without
disturbing the microcirculation. Because the decrease in vol-
ume flow in a capillary is a measure of local filtration, by
determining the decrease in pressure along the capillary with
the servo-nulling device [27], by measuring the colloid osmotic
pressure [28] and the Fahraeus-Lindquist effect [29, 30] (Lam-
bert et al, submitted for publication), it is possible to calculate
the hydraulic permeability and the filtration equilibrium of
single glomerular capillaries.
Methods
For our experiments, we used female Wistar-Furth rats, each
weighing 200 to 250 g, that received no food (standard diet
ssniff-R, Plange, 4770 Soest, Germany) 15 hours prior to the
experiments but had free access to water. We anesthetized the
animals with an i.p. injection of mactin (thiobutalbarbital, 100
mg/kg of body wt). To insure their rectal temperature remained
at 370 C, we placed them on a heated operating table with an
automatic control system. We inserted polyethylene catheters
into the trachea, then into the left carotid artery for continuous
measurement of arterial blood pressure, and into the femoral
artery for periodic collections of blood samples. We used a
triple catheter in the left jugular vein for infusing inulin and
different test solutions, and collected urine from a catheter
placed in the left ureter. We exposed the left kidney by a flank
incision and immobilized it with a kidney-spoon fixed to the
operating table. To insure the exposed kidney did not dry out,
we either covered it with a plastic foil or rinsed it with an
isotonic and isocolloidal solution (Hämaccel®) warmed to
37° C.
Intravital microscopy of the kidney in incident light was
performed either with the Ultropac or Fluopac system (Leitz
Wetzlar) using immersion objectives to a magnification of x 100
combined with locally fabricated dipping cones. In general, we
used the Leitz U055 water immersion objective with an aper-
ture of 0.80. We measured the tubular passage time of lissamine
green by the usual technique [31]. During the fluorescence-
microscopic studies, a xenon lamp with heat filters, a blue-
green filter 38 (Schott—Mainz), and an interference filter gave a
wave length maximum of 490 nm that illuminated the renal
surface. The light was emitted through a 530-nm filter. We
observed the microscopic field on a monitor of a television
camera of high sensitivity (Siemens-Restlicht Camera, model
K5B), and we recorded it on tape (Grundig, model BK 401). A
second television camera together with a television-mixture
system (Sony) enabled us to record the blood pressure in the
same television picture.
To visualize the intracapillary flow of single glomerular
loops, we injected fluorescent latex particles normally used for
flow-cytophotometry (from Polysciences, delivered by Paesel
GmbH, Frankfurt). The diameter of these particles is 1.8 t.
They were diluted 1:10 in physiologic saline prior to the
experiment and injected in single bolus amounts of 0.05 to 0.1
ml. To visualize the length and the diameter of the same
glomerular loops, we injected 0.1 to 0.3 ml of a 4% solution of
dextran labeled with fluorescein isothiocarbamyl (FITC). This
dextran has a mol wt of 150,000 daltons, and is therefore not
filtered by the glomerula [321: The amount of FITC-dextran
given produced a fairly high fluorescence of the plasma without
Fig. 1. A Photograph of the television picture of a glomerulus at the
surface of the kidney of a living rat. The capillaries fluoresce because of
the FITC-labeled plasma flowing through them. At the left is an insert of
blood pressure registration. B Photograph of the same glomerulus I sec
later. The winding white lines represent the bright fluorescence given
off by the latex particles as they swiftly flow through the capillaries. (1
cm 40 J.m)
outshining the fluorescent latex particles. As is routinely prac-
ticed in microcirculation research, the diameter of the lumen of
glomerular capillaries was obtained by measuring directly from
the television picture the distance between the boundary lines
delineating the fluorescent rims of plasma, and then by calibrat-
ing these measurements with standards (Leitz, Wetzlar). To
increase the contrast of the television picture, we used a
contrast-intensifier and made our measurements on the shear-
ing monitor (Instrumentation for Physiology and Medicine,
Inc., San Diego, California).
We measured the velocity of the particles by analyzing
sequences of single frames of the television picture. To do that,
we drew the flow pattern of every particle on a foil overlying the
television screen. Particle speed was calculated from the tra-
versed path during 20 msec (our television system shows 50
frames/sec) (cf. Fig. 2).
Because capillaries that fail to run level to the surface may
induce errors in measurements of lengths and flow rates, we
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Fig. 2. A—E In vivo microphotogram (television pictures) of fluorescent latex particles as they flow through a glomerular capillary. Time-lapse
between pictures is 1/50 of a second. F—G The same glomerular capillary after intravascular injection, maceration, and observation with the
scanning electron microscope.
excluded such errors by selecting magnifications for the intravi-
tal microscopy that provided depths of focus no greater than
those of the capillaries studied. Accordingly, we examined
portions of capillaries that ran only in the plane of the surface.
Glomerular capillary pressure was measured by the servo-
nulling device [271. Under microscopic control, single loops
were punctured with micropipettes with a tip diameter of 1 to 3
p.m and filled with 2 M saline stained with FITC.
To decrease glomerular filtration, we blocked different parts
of the nephron by injecting solid paraffin into the tubular lumen,
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using the technique of Gutsche et al [33].
A 1% solution of inulin and 0.1% paraaminohippurate (PAH)
in isotonic saline was infused i.v. at a rate of 3.75 mI/hr. To
achieve a constant plasma level, we first collected urine 45 mm
after beginning the continuous infusion. Urine thereafter was
collected at periods of 15 to 30 mi In the middle of each of
these periods, we withdrew 0.5 ml of blood from the left femoral
artery, replacing that volume by the same amount of an isotonic
and isocolloidal solution (Hämaccel). To measure the concen-
tration of inulin of the arterial blood, we used the Anthrone
method [34], and we determined the hematocrit in the same
arterial blood samples after they were centrifuged at x 12,000g.
We determined the levels of plasma protein [35].
In most animals, after terminating the experiment we tied a
catheter in the abdominal aorta just below the bifurcation of the
renal arteries, and perfused the kidney for no more than 5 mm
with an isotonic, isocolloidal solution (Hämaccel) warmed to
body temperature. The perfusion pressure was 140cm of H20,
and during the perfusion the aorta above the kidneys was
clamped. Finally, we injected the kidneys with a water-compat-
ible red epoxy resin, cured with an amino-hardener that pro-
duced shrinkage of less than 3% of volume (delivered by
Biodur, Heidelberg, FRG). Because that injection fluid was so
highly viscous, we had to perfuse the kidneys at pressures up to
300 mm Hg. During the injection we observed the glomerulus
we had used for the studies under intravital microscopy and
discontinued the injection as soon as the glomerulus seemed to
Table 1. Data on glomerular circulation, associated mean pressures in
the carotid artery, clearance of inulin and PAH, urinary concentration
of inulin, hematocrit, and concentrations of plasma proteins measured
in 25 rats
Single glomerular loop data
Flow velocity, p.m sec' 781 271 (N = 25)
Loop diameter, p.m 8.4 1.4 (N = 24)
Flow rate, n1 min 2.61 1.20 (N 24)
Loop length, p.m 72.2 37.5 (N = 25)
Blood pressure, mm Hg 111 11 (N= 15)
C1b, ml min' 'kg 3.35 1.08 (N = 19)
CPAH", ml min kg' 8.77 2.72 (N 18)
U/P1 175 134 (N = 19)
Hematocrit, % 42 3 (N = 16)
Plasma proteins, gIdi 5.05 0.65 (N = 7)
Values are the means SD.
"One kidney
Table 2. Changes in the velocity of fluorescent latex particles and in the diameter along a single glomerular capillary loop of 12 rat?
Flow (A — A1)
Velocity, p.m sec'
%
Diameter, p.m
A A' A%
Length, p.m Flow, nl min
%
r' D' L/2
nl min
p.m2Rat no. A A' A A' A A'
1 790 190 1090 340 +38 7.6 5.6 —26.3 19 36 2.21 0.52 1.61 0.50 —26 10.3' 10(N= 8) (N=12)
2 735 163 655 170 —11 7.5 7.5 31 44 1.95 0.43 1.74 0.45 —11 2.3' 10(N= 4) (N= 4)
3 826 222 735 200 —11 10.4 9.6 —7.7 16 46 4.20 1.13 3.20 0.87 —24 10.3' l0
(N= 18) (N=23)
4 1104 286 1063 381 —4 10.1 9.1 —9.9 30 33 5.31 1.37 4.15 1.50 —22 12.0' l0
(N=20) (N=22)
5
LI 747 199 591 155 —21 10.7 9.6 —10.3 35 54 4.03 1.07 2.57 0.67 —36 10.4' 10'
(N=12) (N=14)
L2 514± 90 613± 75
(N= 4) (N= 3)
6 856 286 657 123 —23 10.0 9.5 —5.0 40 46 4.03 1.35 2.79 0.52 —31 9.4' l0
(N=l5) (N= 8)
7
Ll 534 207 417 132 —22 9.44 9.6 +1.7 36 54 2.25 0.87 1.78 0.57 —21 3.5' l0
(N=40) (N=58)
L2 813 302 694 324 —15 9.6 9.6 47 37 3.53 1.31 3.01 1.41 —15 4.2' 10
(N=38) (N=22)
8
LI 761 211 685 411 —10 10.5 10.3 —1.9 27 49 3.95 1.10 3.42 2.41 —13 4.3'(N= 5) (N=23)
L2 684 150 617 126 —10 7.4 7.4 29 35 1.76 0.39 1.58 0.32 —10 2,4' I0(N=3l) (N=63)
9 684 142 735 108 +7 8.43 7.6 —10.1 34 26 2.29 0.48 1.99 0.29 —13 4.0' l0
(N= 13) (N= 10)
10 541 157 462 160 —14 9.1 8.9 —2.2 48 29 2.10 0.62 1.77 0.61 —16 3.0' I0
(N= 54) (N= 30)
II 1058 312 936 285 —12 10.9 10.9 19 36 5.92 1.75 5.24 1.60 —12 7.1 l0
(N= 9) (N=33)
12 787 246 640 235 —19 10.3 10.3 74 50 3.93 1.23 3.20 1.17 —19 3.6' 10
(N= 34) (N= 46)
Mean 762 168 706 191 —7.2 9.6 9.01 —5.8 35.6 40.7 3.37 1.26 2.72 1.04" —18.9 6.0
SD ±16.7 ±1.3 ±1.4 ±7.7 ±14.8 ±8.7 ±7.2 3.5' 10(N=15) (N=I5) (N=15) (N=15)(N—15) (N=15) (N=15)(N=15) (N=15) (N=15) (N=15) (N=15)
A and A' denote the two segments of the capillary loop. L denotes loop.bp< 0.005.
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A appear as bright structures due to the fluorescence of FITC
dextran in the plasma flowing through them. Intraluminal white
io- channels represent the luminescent tracings of the fluorescent
latex particles. In Fig. lb. we see the same glomerulus 1 sec
later; the additional channels are produced by latex particles.
The glomerulus is enclosed by the whitened peritubular capil-
laries that become visible because fluorescent plasma is flowing
through them.
In Fig, 2 we can follow the passage of a fluorescent latex
particle through a single loop of a glomerular capillary, as
recorded by single frames of the time-lapse television monitor
(interval, 1/50 sec). The scanning electron microscopic picture
at the right shows the same capillary loop after injection. The
widening and diffusion of the fluorescence indicates that the
_________________________________________________
fluorescent particles have left the field of focus. Consequently,
in our calculations of velocities we have taken that factor into
consideration and measured only sharply fluorescent particles
that remained in focus.
B Table 1 gives the mean velocities and the mean diameters of
glomerular loops of 25 rats in control studies. In addition, the
mean lengths of the loops studied are given. The single glomeru-
lar loop flow (SGLF) is calculated from the diameter and
velocity. Table 1 also shows the mean value for the clearance of
inulin and PAH as well as the mean concentrating state of the
kidney, the arterial hematocrit, and the concentration of arterial
plasma proteins.
In 15 animals of the 25 tested in Table 1, it was possible to
measure changes in flow rates along single capillary loops. The
results are given in Table 2. The average length of these single,
especially long capillary loops running level to the surface was
76.3 p.m. We divided that into two segments, A and A', and
then calculated the mean velocity in both segments. The mean
decrease in the calculated volume flow along a single loop was
18.9%. We compared the reduction in volume to the capillary
SGLF.n/min' surface area involved, in order to calculate a filtration equiva-
lent for the capillary surface. Because we used only the mean
values obtained at A and A', only half of the capillary length as
filtrating surface could be used in our calculations. From Fig. 3,
a and b (data from Table 2), it is evident that high intraglomeru-
lar velocities and high flows correlate with high rates of
filtration. In another series of experiments on 12 animals (Table
3), where we inserted micropipettes into single capillary loops
under direct vision and measured the intracapillary pressures,
we registered at the same time the velocity of the fluorescent
particles as they flowed through the single ioop under study, as
well as through neighboring capillary loops. Most of the parti-
cles measured were those flowing through the neighboring
capillaries. The velocity of the particles passing through the
punctured capillaries varied considerably.
That variation need not have influenced intraglomerular
capillary pressure. Any resistance offered by such an individual
loop has little influence on that pressure because the other loops
are so numerous.
Table 3 also lists some of the results of repeated punctures
after various times to learn how constant the preparation
remained. In addition, one may note that in some animals,
through accidental manipulations (a pull on the renal hilus,
Results etc.), the clearance values for inulin greatly decreased. These
values were reflected in especially low intraglomerular flow
rates and glomerular intracapillary pressures.
In Fig. 4 are recorded the measurements of pressures [29] in
Figure la shows a picture of a surface glomerulus as seen
with fluorescent microscopy, rephotographed from the screen
of the television monitor. Capillary loops of the glomerulus
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Fig. 3. A Interrelationships between intracapillary velocities of single
glomerular loops (SGL). Filtration equivalents of the pertinent capillary
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be adequately filled. To insure that we could find the glomeru-
lus later, we micropunctured some of the adjacent nephrons and
filled them with a black oil or black resin. Survey photographs
of the living kidney and of the epoxy-resin-injected, corrosion-
cast preparation assured that the glomerulus studied in vivo was
the same one examined by scanning electron microscopy.
When the preparation had hardened, it was maccrated with 50%
potassium hydroxide, treated with gold fumes, and examined
with the scanning electron microscope.
Student's tests for paired and unpaired variates and linear
regression by the least-squares method were performed as
appropriate for analysis of significant. Results considered sta-
tistically significant had P values less than 0.05. Reported
values were calculated from the means in each animal, unless
stated otherwise.
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Table 3. Flow velocities in intraglomerular capillary loops, the intracapillary pressures, and the pressures in Bowman's space of the same
glomerulus in each of 12 rats, some after multiple punctures, plus the clearance of inulin and the blood pressure taken at the time of the in vivo
microscopic measurements
CI,,
Rat no.
Timeb
mm
Uim sec PGCmm Hg PTmm Hg ml min'kg body wt
BP
mm Hg
13 0 1350 530(N = 145)
60 — — 120/80
14 0 380± 120
(N= 45)
50 13 1.91 110/80
15 0 100± 60(N= 4) 37 12 0.12 155/125
16 0
10
780 190
(N= 25)
770±290
(N= 80)
53
50
12
12
1.99
1.99
145/120
145/120
17 0
80
110
850 332
(N= 57)900 290
(N= 27)
660± 190
(N= 45)
46
58
45
14
15
13
2.89
2.89
1.78
140/100
140/100
140/100
18
19
0
5
10
0
100± 35(N= 6)
280± 65
(N= 15)
270± 74
80± 40
39
40
43
39
14
14
14
Il
0.11
0.11
0.11
0.10
120/85
120/85
120/85
105/65
20 0
60
480 190
(N= 44)
400 49(N= 20)
54
47
15
15
2.55
2.55
120/85
120/85
21 0
5
650± 220
(N= 8)
600±200
(N= 10)
47
50
13
13
0.94
0.94
115/80
115/80
22 0
90
550± 110
(N= 12)
430± 75(N= 6)
49
46
12
14
5.26
4.61
125/90
125/90
23 0 720± 228
(N= 57)
45 15 4.14 125/90
24 0 834 218
(N= 42)
60 14 4.90 140/105
Abbreviations used are as follows:
U, particle velocity in single loops of glomerular capillaries (mean SD); N, number of analyzed television frames; P0, hydrostatic pressure in the
glomerular capillary; P.r., pressure in Bowman's space; C1,,, clearance of inulin (one kidney); BP, systolic and diastolic pressure in the carotid
artery.
b Time is the interval between different measurements.
single glomerular capillary loops during simultaneous measure-
ments of velocities in adjacent capillary loops (data from Table
3). As the intracapillary pressures fell, the velocities also
decreased. (For technical reasons we did not measure the
diameters of capillary loops in this series of studies. To localize
the pressure measuring micropipette accurately, we refrained
here from staining the systemic plasma with FITC-dextran.) We
know from the other series of experiments that high capillary
velocities always correlate with high intracapillary flow (Fig. 5,
data from Tables 1 and 2).
When the flow of urinary filtrate of the component tubule was
blocked with paraffin, the fall in volume flow along the capillary
loop was reduced in all instances (Fig 6). Once when the
blockage was made at the neck of the tubule, the fall in capillary
flow was completely abolished. Blockage in more peripheral
segments of the nephron influenced the reduction in flow much
less, indicating an incomplete cessation of glomerular filtration.
Occasionally we were able to identify branchings of single
glomerular capillary loops and to make measurements of them.
We always found in them a highly significant decrease in
volume flow. We could, however, measure only one arm of the
branch, making it impossible to correlate the volume of urinary
filtrate with the volume of flow through the branching. In a few
instances, we were able to measure segments where glomerular
loops united. We found in them a significant increase in volume
flow.
Discussion
Aside from our earlier studies with high-speed microcinépho-
tography, no measurements exist of flow velocities through
intact glomerular capillaries of warm-blooded animals. Previ-
ously we had published only our results of measurements of
peritubular capillaries [36], and merely recorded our studies of
glomeruli in a film [241. We deferred reporting the values of
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Fig. 5. Relationships between intracapillary velocities in single glomer-
ular loops and the volume flow through these capillaries.
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be answered at present. Another unanswered question is
whether our latex particles flow with and as fast as the red
blood corpuscles or whether they move peripherally with the
plasma, therefore at a slower velocity. In the event that our
latex particles behave like the red blood corpuscles in the glass
capillaries, then the velocity for the entire blood (see Table 2) in
A is calculated to fall from 762 to only 557 msec'. In the
second segment of the capillary (A'), the velocity for the entire
blood would likewise be reduced by 27%,whereby an increase
65
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FIg. 4. Relationships between velocity of latex particles in single
glomerular capillary loops and the intracapillary hydrostatic pressures
of the glomeruli.
these glomerular studies because we were not convinced the
technique guaranteed reproducible results. Despite optimal
oblique illumination, observations made with the incident light
microscope provide little contrast. In addition, high-speed
microcinéphotography requires such an intense illumination,
that injury to the glomerular microcirculation seemed unavoid-
able. Only the use of reflected fluorescence with a residual light
intensifier freed us from the problems with contrast and tissue
injury due to illumination. Whether the fluorescent latex parti-
cles were given once as a bolus injection or repeatedly, they
produced no measurable effects on the arterial blood pressure,
the renal blood flow, or the survival time of the animals. Some
particles recirculated many times. Most of them could be
observed weeks later within phagocytic cells of the liver,
spleen, and lung. Whether the latex particles move at the mean
flow rate of plasma or at that of the red-blood corpuscles, is a
question that remains unanswered, and most of all limits the
methods we use for measuring intracapillary flow rates. We
should like to emphasize here, however, that any errors in-
curred are not those in determining flow velocities of particles
(because repeat measurements of like particles yield a negligible
error of less than 3%), but rather those induced by the flow
behavior of particles in the blood. The flow velocities of the
latex particles vary like those of leukocytes in peritubular
capillaries we previously measured at the renal surface with
high-speed cinemicrographic techniques [36]. Nonetheless, our
measurements allow us to assume that highly significant reduc-
tions in flow may occur (cf. Table 2), which we can significantly
influence or block (cf. Fig. 6). Therefore, the question that
needs to be answered is: does the flow rate of the latex particles
truly represent the real velocity in the glomerular capillary
loops? In most capillaries, the blood corpuscles flow faster than
plasma, a fact known as the Fahraeus-Lindquist effect [37].
Using capillaries made of glass, Albrecht et al [29] measured the
various velocities of red blood corpuscles and plasma, and
found that exactly in the range of diameters of our glomerular
capillaries the Fahraeus-Lindquist effect was maximal. Wheth-
er these studies in straight glass capillaries can be directly
transposed to the tortuous capillary loops of glomeruli cannot
Single glomerular loop
filtration equivalent
Before After blockage
p<0.o1
Fig. 6. Single glomerular loop velocity, volume flow, and filtration
equivalent before and after tubular blockage of the same nephron. The
proximal convoluted tubule blocked three times, once at the tubular
neck, twice near the macula densa.
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in the hematocrit in A' would decrease the Fahraeus-Lindquist
effect only slightly (in our case less than 4%). Consideration of
the Fahraeus-Lindquist effect also reduces the single glomeru-
lar loop flow by 27%, thereby diminishing the filtration equiva-
lent from 6.0 3.5 to 4.5 2.4 l0 nl min p.m2.
The method of measuring capillary loop flow is further
limited by the question, precisely how often is the filtration
equivalent altered by branchings or unions of capillary loops
which we were unable to detect? We did recognize capillary
branchings or unions in the plane of observations, but those
directed downwards escaped our detection. Errors caused by
these anatomical differences would probably balance each other
out. The scanning electronmicroscopic studies after vascular
casting with epoxy-resin make it possible to further elucidate
the structure of those capillary loops we examined by intravital
microscopy. To test the reliability of these studies, we are
making third dimensional reconstructions of the glomeruli from
serial sections.
Baylis and Brenner [111 systematically studied the concept
put forward by Smith [191 about the filtration equilibrium in the
glomerulus. They concluded that an equilibrium does exist in
the surface glomerula of the Munich-Wistar strain of rat. We
studied the Wistar-Furth rat, because these animals are insensi-
tive to dextran. We were able to show (see Fig. 3, a and b) that
the volume of filtration increases as the intracapillary flow
velocity and the volume flow become greater. Such results
agree with the predictions and measurements of Brenner et al
[18], that with increasing flow of renal plasma under conditions
of equilibrium, the rate of glomerular filtration increases linear-
ly.
We noted in our measurements, however, that as the intra-
capillary pressures rose, the intracapillary velocities also in-
creased (that is, rates of flow increased). We assume that high
intraglomerular velocities are dependent on a high intraglomer-
ular blood flow. Intraglomerular pressures, according to the
literature, vary between 45 mm Hg [11] and 62 mm Hg [5]. The
differences are related to variations in the strains of rats studies.
To calculate from our measurements the height of the effec-
tive filtration pressure, we have used the formula described by
Deen et a! [14] for ultrafiltration models (Fig. 7).
It states:
= K IT• D[PGC — PT — p]dx
where ii,, is the volume of intracapillary flow at point x; K, the
permeability coefficient; D, the diameter of the capillary lumen;
Poc, the hydrostatic pressure in the glomerular capillary; T,
the intratubular pressure = pressure in Bowman's space; px,
the colloid osmotic pressure at point x; L, the length of
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Fig. 8. A Fall in volune flow along a glomerular capillary of mean
length for various protein concentrations at point A, using flow values
measured at A and A'. Cross-hatched area is filtration volume for curve
2 (protein concentration at A = 6.0 g 100 ml'. B Effective filtration
pressures for various protein concentrations at point A along a glomer-
ular capillary of mean length. Cross-hatched area is effective filtration
pressure for curve 2 (protein concentration at A = 6.0 g' 100 ml'). For
symbols see text.
capillary; c, the concentration of proteins; and x, the distance
along the capillary. For our studies the following pertain: K =
constant; GC = 52mm Hg; PT = 14mm Hg; D = 9.31 m; d =
infinitesimal length (0.1 p.m); p = 2. IC + 0. l6C2 + 0.009C3 [27];
and L = 76 m.
Fig. 7. Model offiltration along a single glomerular loop. For symbols,
see text.
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PGC is obtained from Fig. 4, whereby point A is accorded a
value of 762 pm sec (from Table 2). The value for PT
represents the mean intratubular pressure of those given in
Table 3. D and L correspond to the mean diameter and length of
glomerular capillaries given in Table 2.
By using these data in a computerized simulation program,
we were able to calculate the effective filtration pressures along
the capillary (cf. Fig. 8b). In our experiments, the protein
concentration of the arterial plasma was 5.05 0.65 g dl-'
whereas Tucker and Blantz [8] reported 5.4 g 100 m1' and
Arendshorst and Gottschalk [10] reported 5.6 0.2' 100 ml.
Because we knew the mean intracapillary flow rates only at A
and A', we varied the concentrations of the plasma proteins at
A from 5.5 (curve 1) to 6.0 (curve 2) and 6.5 g 100 m1' (curve
3) assuming that up to point A some filtration had already taken
place (cf. Fig. 8a).
We regard curves 1 and 2 as realistic, because the filtration-
fractions of 0.43 and 0.44 equal the mean filtration fraction of
0.43 calculated from blood analyses of CIfl/CPAH for kidneys of
this series of animals. We regard curves 3 as unrealistic,
because the filtration-fraction here has risen to over 50% (0.52)
by the end of the capillary studied. Even for curve 2 the
effective filtration pressure at the observed end of the capillary
is 5.5 mm Hg, so that no filtration equilibrium can develop. We
should like to emphasize that for these calculations we used
only the means of the values we obtained. In considering the
spread of our data, we believe a definitive statement about the
filtration equilibrium is impossible.
Using the mean effective filtration pressure of 15 mm Hg
(curve 1), we can calculate from our filtration equivalent a
hydraulic permeability per surface that is 2.7 l0- nI min
p.m2 mm Hg* In good agreement with these results are the
values calculated by Baylis and Brenner [11]: 2.5or l.7 l0- nl
min mm Hg depending on the morphologic data used
by these authors for the filtration surface.
The technique we describe here is especially suited for
investigating the effects of vasoactive drugs or postischemic
acute renal failure on glomerular microcirculation, as well as
the vascular resistance developing in glomerular diseases.
In summary, the methods we have described in this paper
enabled us to measure for the first time the filtration of single
glomerular capillary loops of living mammals. When used with
other techniques, it becomes possible to determine directly
local hydraulic permeability. Although the values of our mea-
surements show a spread too great for answering once and for
all the question about the filtration equilibrium, with refined
techniques now being perfected, we expect to provide that
definitive answer in the future.
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